Dendritic cells (DCs) are immune cells specialized to capture, process and present antigen to T cells in order to initiate an appropriate adaptive immune response. The study of mouse DC has revealed a heterogeneous population of cells that differ in their development, surface phenotype and function. The study of human blood and spleen has shown the presence of two subsets of conventional DC including the CD1b/c 1 and CD141 1 CLEC9A 1 conventional DC (cDC) and a plasmacytoid DC (pDC) that is CD304 1 CD123 1 . Studies on these subpopulations have revealed phenotypic and functional differences that are similar to those described in the mouse. In this study, the three DC subsets have been generated in vitro from human CD34 1 precursors in the presence of fms-like tyrosine kinase 3 ligand (Flt3L) and thrombopoietin (TPO). The DC subsets so generated, including the CD1b/c 1 and CLEC9A 1 cDCs and CD123 1 pDCs, were largely similar to their blood and spleen counterparts with respect to surface phenotype, toll-like receptor and transcription factor expression, capacity to stimulate T cells, cytokine secretion and cross-presentation of antigens. This system may be utilized to study aspects of DC development and function not possible in vivo.
INTRODUCTION
Dendritic cells (DCs) are antigen presenting cells crucial for the activation of a T-cell response. DCs have been well studied in mouse lymphoid tissues and a number of distinct subsets have been identified. The plasmacytoid DCs (pDCs) are the major producers of type-1 interferons in response to toll-like receptor stimulation. [1] [2] [3] The conventional (or 'myeloid') DCs (cDCs) that include the CD8 1 and CD8 2 subsets in mice 4 are the major presenters of antigen to T cells. In particular, the CD8 1 cDCs are the major cross-presenters of antigen and are capable of initiating a CD8 1 T-cell response. They also produce large amounts of the cytokine IL-12p70 that confers upon them the capacity to polarize a Th1 response. 5 The CD8 2 cDCs produce high levels of inflammatory chemokines capable of attracting other immune cells to the area. 6 It has been shown that these three subtypes of mouse DCs can be differentiated in vitro from bone marrow precursors in the presence of fms-like tyrosine kinase ligand (Flt3L). The cultured DCs can be generated in large quantities with ease, and share similar properties to their in vivo counterparts. 7 Of note, the cultured DCs do not express CD8, but the markers that are coexpressed by CD8 1 and CD8 2 DCs including CD24, CD11b and Sirpa are used to distinguish the DC subsets in vitro. This established culture system has enabled detailed studies of the specialized function and development of murine DC subsets. [8] [9] [10] [11] The study of human DC has lagged behind. Initial studies on human DC have focused on DC found in blood. Four subtypes have been identified including the CD304 1 (BDCA4) pDCs and the cDCs that include the CD141 1 (BDCA3) and CD1b/c 1 (BDCA1) subsets. 12 A fourth subset that is CD16
1 has been suggested to be a subset of both DC 12 and monocytes, 13 but is now considered to be a monocyte in a recent reclassification of the monocyte and DC subsets in human blood. 14 The CD141 1 DCs have been suggested to be equivalent to the mouse CD8
1 DCs sharing a similar transcriptional signature 15 and expression of Necl2, CLEC9A and XCR1. [16] [17] [18] [19] [20] [21] Furthermore, the CD141
1 DCs have been shown to produce IL-12p70 and cross-present antigen, [20] [21] [22] [23] both characteristics of the mouse CD8 1 DC subset. The CD1b/c 1 DC is thought to be the equivalent of the mouse CD8 2 DC, based on a similar transcriptional profile. 15 Recently, the four populations of human DCs identified in blood have also been found in human spleen with similar phenotype and functions. 24 Human spleen are difficult to obtain and thus, a culture system that is capable of generating the DC subsets in vitro would be of great use for further DC research.
A number of different culture systems have been studied for human DC differentiation; however, correlation between the cultured DC subtypes and those found in human blood and lymphoid organs has been difficult. Recently, it has been shown that culturing human blood CD34
1 haemopoietic stem cells (HSCs) with granulocyte-macrophage colony-stimulating factor (GM-CSF), Flt3L and tumournecrosis factor-alpha (TNF-a) generates two DC subsets that are equivalent functionally to the epidermal and dermal skin-derived DCs found in situ. 25 Culturing HSCs enriched from granulocyte colonystimulating factor (G-CSF)-mobilized blood in the presence of Flt3L and thrombopoietin (TPO) has been shown to generate in good yield, functional pDC that are equivalent to their in vivo counterparts in their capacity to produce interferon (IFN)-a in response to TLR stimulation. 26, 27 Most recently, Poulin et al. 23 have developed a culture system that supports the generation of CD141 1 CLEC9A 1 DCs from cord blood precursors. However, despite many different culture conditions used to generate functional DC in vitro, a culture system capable of generating the pDC and the cDC subtypes including the CD1b/c 1 and CD141 1 CLEC9A 1 DC found within human lymphoid tissue and blood has not been described.
In this study, we show that distinct DC subsets including the CD1b/ c 1 and CLEC9A 1 cDC and CD123 1 pDC can be grown in culture from CD34
1 precursors of G-CSF-mobilized blood in the presence of Flt3L and TPO. These DC share many similarities to those DC found within human blood and spleen. This is the first study to identify and functionally characterize all three major subtypes of DCs in a single in vitro culture system.
MATERIALS AND METHODS

Isolation of CD34
1 haematopoietic stem cells from blood of adult G-CSF-mobilized donors and generation of DC in vitro CD34
1 haematopoietic stem cells were isolated from leukapheresis blood products from G-CSF-mobilized donors. Cell suspensions of G-CSF-mobilized blood were prepared and total mononuclear cells collected after Ficoll density centrifugation. CD34
1 HSCs were purified using Miltenyi MACS CD34 1 cell isolation reagents and the MACS system according to manufacturer's instructions (Miltenyi Biotech, Bergisch Gladbach, Germany). Cells were cryopreserved in foetal calf serum (FCS) containing 10% dimethyl sulfoxide in liquid nitrogen until use. For culture, HSCs were cultured in 96-well flat bottom plates or 24-well plates at between 1310 5 and 5310 5 cells/ ml in Yssel's medium (Gemini Bio-Products, West Sacramento CA, USA) supplemented with 10% human AB serum, and either HuGM-CSF (100 ng/ml; eBioscience, San Diego, CA, USA), HuSCF (25 ng/ml; eBioscience) and HuTNF-a (2.5 ng/ml; eBioscience) or HuFlt3L (100 ng/ml; Amgen, Thousand Oaks, CA, USA) and HuTPO (50 ng/ml; R&D Systems, Minneapolis, MN, USA). Cell cultures were refreshed every 5 days with Yssels's medium containing the growth factors and split on confluence. Cells were harvested at day 21.
Flow cytometry and cell sorting of DCs Cells were labelled with antibodies against surface markers by resuspending at 1310 6 cells in 10 ml of staining solution (HTPBS/FCS-EDTA) containing conjugated monoclonal antibody (mAbs, or polyclonal in the case of XCR1) for 25 min and washed with HTPBS/FCS-EDTA. For XCR1, cells were first blocked with human AB serum for 15 min before addition of the antibody. Each mAb was conjugated to R-phycoerythrin (PE), fluorescein-5-isothiocyanate (FITC), allophycocyanin or biotin (all Molecular Probes-Invitrogen, San Diego, CA, USA). Flow cytometry analysis and sorting were performed on the LSRII and FACSaria (BD Biosciences) instruments. For sorting, cells were stained with anti-HLA-DR-PE (clone 2.06), CD11c-PECy7 (Biolegend, San Diego, CA, USA), CD1b/c-APC, CLEC9A-FITC (clone 4C6), CD123-PE (BD Pharmingen, San Diego, CA, USA) and CD14-alexa680 (clone FMC17). For analysis, CD123-FITC (BD Biosciences), CLEC9A-APC, SIRPa-biotin (BioLegend, San Diego, CA, USA), CD40-FITC, CD80-FITC, CD83-FITC, CD86-FITC (BD Biosciences), polyclonal XCR1-PE (R&D systems) and CD11b-PE (clone OKM1) were also used.
DC and monocyte stimulation for analysis of cytokine production Sorted cultured DC subsets and monocytes were cultured at 1310 6 /ml in 96-well round bottom plates for 24 h in the presence of CpG A and CpG C (1 mM) (Geneworks, Hindmarsh, SA, Australia), soluble trimeric CD40L (1 mg/ml) (kind gift from Dr D. Lynch, Amgen), huGM-CSF (100 ng/ml) (eBioscience), huIL-4 (40 ng/ml) (eBioscience), huIFN-c (40 ng/ml) (Peprotech, Rocky Hill, NJ, USA), Poly(I : C) (Amersham, Piscataway, NJ, USA) and lipopolysaccharide (LPS) (Sigma, St Louis, MO, USA). Culture supernatants were collected and stored at 220 uC until cytokine detection using a 14-plex Milliplex human cytokine bead array (Millipore, Billerica, MA, USA) as per manufacturer's instructions.
Allogeneic mixed leukocyte reaction (MLR)
Blood CD4 1 T cells were isolated from buffy coats using a magnetic bead-based CD4 T cell-negative isolation kit following the manufacturer's instructions (Miltenyi Biotec). CD4
1 T cells were incubated for 10 min at 37 uC with carboxyfluorescein succinimidyl ester (CFSE) (0.5 mM) and then washed twice with Hank's balanced salt solution. CFSE-labelled purified allogeneic CD4 1 T cells (50 000) from blood were cocultured with sorted cultured DCs and monocytes for 96 h in 96-well V-bottom plates. T-cell proliferation was determined by resuspending cells in HT-PBS/3% FCS containing a known number of latex beads (BD Biosciences). Numbers of CFSE lo live dividing T cells were determined relative to the number of latex beads added per well.
RNA isolation and quantitative RT-PCR RNA was prepared from purified DC populations and monocytes using the RNeasyMini Kit (Qiagen, Hilden, Germany) as per the manufacturer's instructions. RNA (up to 2 mg) was treated with RQ1 DNase (Promega, Madison, WI, USA) and then reverse--transcribed into cDNA using random primers (Promega) and Superscipt II reverse transcriptase (Gibco BRL-Invitrogen). RT-PCR was performed to determine the expression of Gapdh, TLR3, TLR7, TLR9, IRF4 and IRF8 using the QuantiTect SYBR Green PCR Kit (Qiagen) and a light cycler (Hoffmann-La Roche, Basel, Switzerland) as per the manufacturer's instructions. The specific primers for RT-PCR were as follows:
GAPDH An initial 15-min activation step at 95 uC was followed by 35-45 cycles of 15 s at 94 uC (denaturation), 20-30 s at 50-60 uC (annealing) and 10-12 s at 72 uC (extension), followed by melting point analysis. The expression level for each gene was determined using a standard curve prepared from 10 22 -10 26 pg of specific DNA fragment and then expressed as a ratio to GAPDH.
Cross-presentation assay DC subsets were isolated from cultures and seeded at 4 000 per well in a 96-well U-bottom plate in 200 ml complete medium (HT-RPMI, 10 mM HEPES, 2 mM GlutaMAX, 10 mM non-essential amino acids (Invitrogen), 5% pooled human serum (Australian Red Cross Blood Service), 50 mM b-mercaptoethanol (Sigma-Aldrich, St Louis, MO, USA). DC subsets were pre-incubated with influenza virus protein antigen (New Caledonia 20/1999 H1N1, WHO; the virus had been propagated in the allantoic cavity of embryonated hens' eggs, inactivated with UV light and formaldehyde, purified by centrifugation and disrupted with sodium deoxycholate). After 2.5 h, DCs were washed twice with complete medium and transferred to a new 96-well U-bottom plate and incubated with a human HLA-matched CD8
1 T-cell clone (10 000 cells/ well) specific for the influenza virus antigen MP 58-66 epitope for 2 h. All cells were then transferred onto an ELISpot plate (Millipore) that was coated with anti-human IFN-c antibody (Mabtech, Nacka Strand, Sweden) and incubated overnight at 37 uC in 5% CO 2 . IFN-c production by the T cells was detected on the ELISpot plate after incubation with anti-IFN-c mAb-biotin for 1 h, followed by streptavidin-alkaline phosphatase for 1 h and NBT/BCIP for 20 min (all reagents from Resolving Images, Mabtech). Between incubations, plates were washed three times with PBS-0.05% Tween 20. IFN-c spots per well were counted on an ELR02 ELISpot reader and analysed using ELISpot Reader V4.0 software (Autoimmun Diagnostika, Strassberg, Germany).
RESULTS
Generation of DC subtypes in vitro from human haemopoietic stem cells A number of different culture systems have been used to generate DC subsets in vitro. We compared two such systems. It has been shown that HLA-
1 DCs can be generated from G-CSF-mobilized CD34
1 progenitors in the presence of GM-CSF, stem cell factor (SCF) and TNF-a. 28 It has also been shown that CD11c 1 cDCs and CD123 1 pDCs can be differentiated in vitro from CD34
1 HSC obtained from human foetal liver and adult G-CSFmobilized blood, in the presence of Flt3L and TPO (FL/TPO cultures). 26 We compared these two culture conditions for the ability of CD34
1 HSC isolated from G-CSF-mobilized blood to differentiate into the cDC subsets found in vivo in human blood.
The cultures containing GM-CSF/SCF/TNF-a did not yield CD1b/ c 1 cDC at any of the time points tested including at days 7, 14 and 21 ( Figure 1a , top panel). CLEC9A
1 cDCs were identified, albeit at reduced proportions compared to the FL/TPO cultures. In contrast, the FL/TPO cultures yielded both the CD1b/c 1 cDCs and the CLEC9A 1 cDCs at day 21 ( Figure 1a , bottom panel). These cultures were thus chosen for further analysis and characterisation and the DCs generated herein referred to Flt3L-derived DCs.
CD34
1 HSCs comprised approximately 1% of total cells from G-CSF-mobilized blood after Ficoll density centrifugation (data not shown). Purified CD34 (Figure 1c ). In the mouse and human systems, the cDC subsets can be distinguished on the basis of CD11b and SIRPa expression. 29, 30 In vitro, the CD1b/c 1 cDCs expressed high levels of CD11b and SIRPa, while the CLEC9A 1 cDC expressed low levels of CD11b and SIRPa (Figure 1d ), similar to their in vivo counterparts. 29, 30 Unlike their in vivo counterparts, the CD123 1 pDCs did not express CD304 (BDCA4) and the CLEC9A 1 cDCs did not express CD141 (BDCA3) (data not shown). However, it has recently been shown that the CD8 1 cDCs in mouse and the BDCA3 1 cDCs in human blood uniquely express XCR1. 21, 31, 32 The cultured CLEC9A
1 DC also expressed this molecule (Figure 1d ). CLEC9A is therefore unique to spleen and blood CD141 1 DCs 16,24 and was thus used as a marker to distinguish this subset in subsequent experiments.
None of the DC subsets expressed CD40 or CD80 (data not shown). However, the CD1b/c 1 cDCs did express CD83 and CD86, suggesting that they are more mature than the CLEC9A 1 cDCs and CD123 1 pDCs (Figure 1d ). Cytospin analysis of the three DC subtypes revealed that the CD1b/c 1 and CLEC9A 1 cDCs are larger cells compared to the CD123 1 pDCs that are small and plasmacytoid-like in morphology (Figure 1e ). The CD14 1 cells displayed typical monocytic characteristics with a high nuclear to cytoplasmic ratio.
Transcription factor expression by Flt3L-derived DC subsets and monocytes Given our finding that Flt3L-derived DC subsets were similar in surface phenotype to those found in mouse spleen, and in human blood and spleen, we investigated other properties of Flt3L-derived DCs that in mice and humans demarcate DC subsets. Mouse DC subsets differ in their development, which is controlled by different transcription factors such as interferon regulatory factors (IRFs) IRF4 and IRF8. Mice lacking a functional IRF4 gene have almost no splenic CD4 1 CD8 2 cDCs. 33, 34 In contrast, IRF8 is crucial in the development of mouse CD8 1 cDCs and pDCs. 34, 35 IRF8 and IRF4 expression in human DC subsets and monocytes sorted from day 21 Flt3L cultures were analysed by quantitative realtime PCR (Figure 2a) . Overall, the pattern of transcription factor expression in Flt3L-derived DC subsets correlated with that in mouse and human spleen DCs. Flt3L-derived CLEC9A 1 cDCs and CD123 1 pDCs expressed IRF8 similar to mouse CD8 1 cDCs and pDCs and their human equivalents the CD141 1 cDCs and CD304 1 pDCs. However, in human blood, the pDC expressed IRF8 at higher levels than the CD141 1 cDCs, whereas in the cultured system, the pDCs and CLEC9A
1 DCs expressed IRF8 at a comparable level. Flt3L-derived CD123
1 pDCs expressed IRF4 similar to human pDCs
Human DC subtypes generated in vitro AI Proietto et al 448 in blood and spleen albeit at lower levels. Interestingly, CD1b/c 1 cDCs expressed IRF4 similar to mouse CD8 2 cDCs, whereas human blood and spleen CD1b/c 1 DCs expressed very low levels of IRF4
24
( Figure 2a) . Monocytes expressed only low levels of IRF8 and IRF4 (Figure 2a) .
TLR expression by Flt3L-derived DC subsets and monocytes TLRs are expressed differentially by DC subtypes and monocytes and confer on DCs and monocytes the capacity to respond to specific pathogen-associated molecular patterns. TLR3 binds double stranded RNA and is expressed selectively by mouse CD8 1 cDCs and by human The DC subsets identified were further fluorescently labelled with antibodies against SIRPa, CD11b, CD83, CD86, HLA-DR and XCR1. The solid line represents staining for these molecules on gated DC subsets; the dotted line is background fluorescence on unstained cells. Results are representative of three independent experiments. (e) Cytospins were prepared from sorted populations of the DC subsets and monocytes and morphology was assessed by haematoxylin and eosin staining. Magnification, 340. DC, dendritic cell; Flt3L, fms-like tyrosine kinase 3 ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor; pDC, plasmacytoid dendritic cell; SCF, stem cell factor; TNF, tumour-necrosis factor; TPO, thrombopoietin.
Human DC subtypes generated in vitro AI Proietto et al 449 blood and splenic CD141 1 CLEC9A 1 cDCs and at lower levels by CD1b/c 1 cDCs. 36,37 TLR7 binds single-stranded RNA and is expressed by mouse CD8 2 cDCs and pDCs and by human blood and splenic cDCs and pDCs at low levels. 24 ,36,37 TLR9 binds bacterial CpG and is most highly expressed by mouse pDCs, and all cDCs, 7,37 but only expressed by human pDCs. 38 Expression of these TLRs in sorted Flt3L-derived DCs and monocytes was determined by quantitative real-time PCR (Figure 2b ). TLR3 was most highly expressed by CLEC9A 1 cDCs and also at moderate levels by CD1b/c 1 cDCs similar to human blood and spleen DC, although the difference in expression between the CD1b/c 1 DCs and the CLEC9A 1 DCs was more pronounced in blood DC. 24 Similarly, like human blood DCs, TLR7 was expressed most highly by CD123 1 pDCs, and also at moderate levels by the CD1b/c 1 and CLEC9A 1 cDCs as well as the CD14 1 monocytes, albeit the general expression levels were lower. 24 TLR9 was expressed mainly by CD123
1 pDC similar to their in vivo counterparts 24 ( Figure 2b ).
Cytokine secretion by Flt3L-derived DCs and monocytes
An important function of DCs is the capacity to secrete cytokines in response to activation. Murine CD8 1 cDCs secrete IL-12p70 which polarizes T cells to a Th1 response, 5 whereas CD8 2 cDCs secrete large amounts of inflammatory chemokines including Mip-1a. 6 pDCs are the major secretors of type-1 IFN in response to viral stimulation. [1] [2] [3] 38 For maximal production of IL-12p70, stimulation with TLR9 together with a cocktail of IL-4, GM-CSF and IFN-c 39 or microbial stimuli together with anti-CD40 is required. 40 Given that Flt3L-derived human cDCs did not express TLR9 but differentially expressed TLR3, TLR4 and TLR7, we stimulated them for 24 h with CD40L and a cytokine cocktail to ensure activation of all cDC rather than a particular subset. Since CD123 1 pDCs expressed very high levels of TLR9, they were stimulated with CpG A and CpG C. In addition, CD14 1 monocytes were sorted and were stimulated with either CD40L and cocktail alone, or in the presence of LPS, a TLR4 agonist. LPS is known to strongly activate monocytes to become cells that produce high levels of IL-1b and IL-6 and which have a capacity to induce human Th17 cells. 41 Monocytes derived from the Flt3L cultures expressed high levels of TLR4 (data not shown).
Flt3L-derived pDCs produced IFN-a and IL-6 in response to CpG stimulation (Figure 3a ) similar to human blood pDCs. Different from blood pDCs, cultured pDCs did not produce high levels of Mip-1a.
The CD1b/c 1 cDCs produced TNF-a, IL-12p40 and IL-12p70, similar to their blood counterparts. 24 It has recently been shown that blood CD1b/c 1 DCs produce high levels of IL-1b in the presence of Poly(I : C) (PIC), a TLR3 agonist compared to unstimulated controls. 22 Flt3L-derived CD1b/c 1 DCs responded in a similar manner with high levels of IL-1b produced in the presence of PIC but not in its absence (Figure 3b ). However, in contrast to blood CD1b/c 1 cDCs, Flt3L-derived CD1b/c 1 DCs produced only low levels of Mip-1a and IL-6 compared to unstimulated controls.
The CLEC9A 1 cDCs produced high levels of TNF-a, Mip-1a and IL-6 and only low levels of IL-12p40 and IL-12p70. The low production of IL-12p70 is similar to the blood CD141 1 cDCs.
The CD14 1 monocytes in the presence of CD40L and the cocktail produced high levels of IL-10, Mip-1a, IL-6, TNF-a, IL-12p40 and IL12p70, but only low levels of IL-1b. In addition, when LPS was added, monocytes continued to produce high levels of IL-10, Mip-1a and IL-6, and upregulated production of IL-1b up to 500-fold. In contrast, production of IL-12p40 and IL-12p70 was inhibited (Figure 3c) .
Overall, the DC subsets and monocytes behaved in a similar way to their in vivo counterparts with respect to cytokine production with some differences.
Stimulation of CD4
1 T cells in an allogeneic MLR by Flt3L-derived DCs and monocytes To test the stimulatory capacity of the DC subsets and monocytes identified in Flt3L cultures, CFSE-labelled CD4 1 allogeneic T cells from human blood were cocultured with various DC and monocytes sorted from Flt3L cultures for 5 days. T-cell proliferation was determined by enumerating the number of CFSE-low T cells at the end of the 
CD123
1 and CD14 1 monocytes. Results are representative of 3-4 independent experiments. DC, dendritic cell; Flt3L, fms-like tyrosine kinase 3 ligand; IRF, interferon regulatory factor.
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1 T cells. The CLEC9A 1 cDCs, the CD123 1 pDCs and the monocytes stimulated T cells moderately (Figure 4) . These results were similar to those found for DC subsets and monocytes in human blood and spleen. 24 Cross-presentation capacity of Flt3L-derived DCs Cross-presentation of an exogenous antigen on MHC class I to CD8
1 T cells and to induce an antigen specific cytotoxic T-cell response are major functions of DCs, particular during an infection by certain viruses. In C57BL/6 mice, this is a specialized function of splenic and Flt3L-derived CD8 1 cDCs. 5, 7 However, it has been demonstrated recently that both CD1b/c 1 and CD141 1 CLEC9A 1 cDCs as well as CD304 1 pDCs in both human blood and spleen can cross-present antigen, albeit with different efficiencies. [20] [21] [22] [23] [24] We therefore tested the ability of Flt3L-derived human DCs to cross-present influenza virus protein to a CD8 1 Tcell clone specific for an epitope in the matrix of influenza virus. CD8
1 T-cell activation was measured as IFN-c secretion by ELISpot assay. The CD1b/c 1 and CLEC9A 1 cDCs as well as 
1 were cultured at 1310 6 /ml for 24 h in medium alone (M) or with a cocktail (1C) containing CD40L (1 mg/ml), IFN-c (40 ng/ml), GM-CSF (100 ng/ml) and IL-4 (40 ng/ ml) for CD11c /ml for 24 h in medium alone (M) or with CD40L (1 mg/ml), IFN-c (40 ng/ml), GM-CSF (100 ng/ml) and IL-4 (40 ng/ml) (1C) or in the presence of the cocktail and LPS (1 mg/ml) (1C1LPS). Concentrations (pg/ml) of IL-10, Mip-1a, IL-6, TNF-a, IL-1b, IL-12p40 and IL-12p70 in the culture supernatant were assayed by immunoplex bead array. Results shown as mean (6s.e.m) of at least three independent experiments. DC, dendritic cell; Flt3L, fms-like tyrosine kinase 3 ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; LPS, lipopolysaccharide; pDC, plasmacytoid dendritic cell; TNF, tumour-necrosis factor.
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1 pDCs were all capable of inducing IFN-c-producing CD8 1 T cells ( Figure 5 ).
DISCUSSION
Since the discovery that DCs are a heterogeneous population of cells in mice, 42 the surface phenotype, function and developmental origins of the DC subsets have been the focus of intense research. A number of molecules have been shown to be differentially expressed by the murine cDC subsets including CD8, Sirpa, CD11b, Clec9A and CD24. These markers have been used to segregate DC subsets in the spleen, 30 ,42 the thymus 30, 42 and in Flt3L cultures in vitro. 7 Murine DC subsets also have unique developmental origins and specialized functions reflected in the differential expression of and requirement for transcription factors, [33] [34] [35] expression of TLRs 7,36,37 and production of cytokines. In particular, CD8
1 DCs compared to the CD8 2 DCs require IRF8 and Batf3 for development, express TLR3, produce high levels of IL-12p70 and are efficient at cross-presentation of antigen to CD8 1 T cells both in vitro and in vivo. 5, 39, [43] [44] [45] Such properties of this subset have been exploited in in vivo targeting experiments whereby antigens specifically targeted to the CD8
1 DC subset boost immune responses and shows promise in improving vaccine delivery and efficacy. 16, 19, 46 The generation of large numbers of DC subset equivalents in vitro from bone marrow precursors in the presence of Flt3L has facilitated further study of mouse DC subsets. 7 Recent studies in human blood and spleen have revealed the presence of a number of subsets 12, 24 that are similar to those found in the mouse with respect to surface phenotype, TLR expression, transcription factor expression and overall transcriptional profile. 12, 15, 22, 24 Together, these data have strongly suggested that the CD141
1 DCs are similar to the murine CD8
1 DCs and CD1b/c 1 DCs similar to the CD8 2 DCs. However, it is clear from these experiments that human cDC subsets share many key functions that in the mouse more clearly distinguish the DC subsets. Both the CD1b/c 1 and CD141 1 DCs in human blood and spleen have the capacity to produce IL-12p70 and cross-present antigen. 21, 22, 47 The efficiency with which the cDC subsets carry out these two functions appears to be affected by the conditions used in individual assays including the particular antigen used in the cross-presentation assay. It may be a reason why some studies report that the CD141
1 DCs are more specialized at cross-presentation [20] [21] [22] whereas others report that CD1b/c 1 DCs are more efficient at this process. 24 A number of key questions with regard to human DC subset development and function remain, but are difficult to address in vivo and a culture system that can differentiate the three DC subsets under the same conditions would be a useful research tool.
In this study, we utilized a culture system to generate human DCs from CD34
1 precursors isolated from G-CSF-mobilized blood in the presence of Flt3L and TPO.
Flt3L is a key cytokine in the development of both murine and human steady-state DC subtypes as demonstrated by the development of DCs in bone marrow cultures after the addition of Flt3L, the increase in number of DCs found in both mice and humans after the injection of Flt3L and the reduced number of DCs found in Flt3L 2/2 mice. [48] [49] [50] [51] [52] We now show that in addition to pDCs, 26 this culture system also supports the development of both the CD1b/c 1 and CLEC9A 1 DCs and CD14
1 monocytes. This is in keeping with observations that humans injected with Flt3L show an increase in both DCs and monocytes. 53 This is the first time a human culture system has been demonstrated to contain both the conventional DC subsets described in vivo. This culture system did not support the generation of the CD16 1 monocyte subset. It is possible that the cytokines required for their development or for the expression of CD16 were not provided in this in vitro system. Furthermore, the CLEC9A
1 DCs did not express CD141. This is analogous to the mouse Flt3L culture system where CD8a is not expressed on the cDCs. 7 Like the mouse, the lack of expression of CD141 on cDCs suggests that certain cytokines or conditions not provided in the culture system are needed for its upregulation. Nonetheless, CLEC9A and XCR1 represent two molecules that are unique to the CD141 1 DCs in human blood and can thus also be used to distinguish this subset. [16] [17] [18] 20, 21 The CD1b/c 1 DC population represented the largest population among the cultured DCs and the CLEC9A
1 DCs the smallest. Like the blood, there were a large number of HLA-DR Human DC subtypes generated in vitro AI Proietto et al 452 did not express a DC marker (the DC marker-negative population). These cells most likely represent a precursor population and warrant further investigation.
Similar to human blood, the Flt3L-derived CD1b/c 1 DCs expressed SIRPa, CD11b, CD83 and CD86, 24 produced IL-12p40 and IL-12p70 in response to stimulation, cross-presented antigen and were the most efficient stimulators of CD4 1 T cells in an MLR. 24 In addition, they expressed intermediate levels of TLR3, and showed a positive response to Poly(I : C), a TLR3 agonist, by increasing production of IL-1b, as previously demonstrated. 22 However, in contrast to blood CD1b/c 1 DCs, cultured CD1b/c 1 DCs did not produce high levels of IL-6 or Mip-1a, a difference that may represent their relative immaturity in culture or a lack of a particular stimulus that is present only in vivo.
The Flt3L-derived CD1b/c 1 DCs expressed relatively low levels of IRF8, and high levels of IRF4. The requirement for IRF8 in the development of mouse CD8 1 cDCs and not the CD8 2 cDC is clear. 34, 35 The low levels of IRF8 in CD1b/c 1 cDCs in human blood, spleen and Flt3L-derived DCs strongly suggest that this transcription factor is not required for its development. However, Hambleton et al. 47 have shown that patients with an autosomal dominant mutation in IRF8 that affects its DNA binding capacity have a marked reduction in the proportion of CD1b/c 1 cDCs with no reduction in the proportion of CD141 1 cDCs. It could be concluded from these data that IRF8 may indeed have a role in the development of CD1b/c 1 cDCs, different from what the expression data in human DCs suggests, and different from what is known in the mouse. While the Flt3L-derived CD1b/c 1 cDCs seemed to express higher levels of IRF4, blood and spleen CD1b/c 1 DCs express relatively low levels. The function of IRF4 in the CD1b/c 1 cDC development would be interesting to dissect, given that it is required for the development of murine CD4 1
CD8
2 cDC. 34 The culture system described here could be of great use in dissecting the exact requirement for both IRF4 and IRF8 in human DC development.
The Flt3L-derived CLEC9A 1 DCs displayed similarities to their in vivo counterparts in their expression of XCR1 and lack of expression of SIRPa, CD11b and CD83. They expressed IRF8 and TLR3, two hallmarks of this subset in blood and spleen, 22, 23 albeit at lower levels than their in vivo DC counterparts. Furthermore, similar to blood CLEC9A 1 cDCs, they stimulated CD4 1 T cells to a lesser extent than the CD1b/c 1 DCs in an MLR, cross-presented antigen and produced IL-6, TNF-a and Mip-1a. Notably, similar to human blood CLEC9A 1 cDCs, in the presence of CD40L, IFN-c, IL-4 and GM-CSF, they produced only low levels of IL-12p40 and IL-12p70. 24 IL-12p70 was enhanced slightly in the presence of Poly(I : C), but still much lower than secretion by CD1b/c 1 DCs. This result is in keeping with a recent study demonstrating that human blood BDCA3
1 DCs stimulated with Poly(I : C) produce only low levels of IL-12p70. 54 Furthermore, a recent study on in vitro derived CD141 1 CLEC9A 1 DCs differentiated from HSCs in the presence of a cocktail of cytokines including SCF, Flt3L, IL-3, IL-6, GM-SCF and IL-4 has shown a similar poor response of this population to TLR stimulation with respect to IL-12p70 production. 23 They demonstrated that a further stimulus of antigenspecific T cells was required to produce IL-12p70. It may be that the cultured DCs in general, similar to mouse cultured DCs, represent an immature DC subset that requires a number of different stimuli to be fully activated. Indeed, it is known that Flt3L keeps cultured DC in an immature state (Shortman K, personal communication) . The nature of the stimuli will need to be further dissected.
The pDCs expressed intermediate levels of SIRPa, and high levels of IRF8, TLR7 and TLR9, as previously shown. 26 They responded to CpG by producing IFN-a and IL-6 similar to in vivo human DCs, albeit at lower absolute levels, but did not produce Mip-1a. In addition, they were capable of cross-presenting antigen, but at a lower efficiency than their in vivo counterparts.
A major component of the cultures were the CD14 1 monocytes. They expressed intermediate levels of TLR7, and high levels of TLR4 (data not shown). LPS stimulation induced high levels of IL-1b and IL-6 and a suppression of IL-12p70 production, which was similar to what had been described previously. 41 A proportion of the CD14 1 cells express high levels of HLA-DR and may encompass monocytederived DCs. Further study into the function of these cells would be of interest.
Overall, similar to the mouse system, we now have the capacity to generate the CD1b/c 1 and CLEC9A 1 cDCs, the CD123 1 pDCs and the CD14
1 monocytes in culture. The DCs display a phenotype that is very similar to their in vivo counterparts. With respect to function, there are key similarities between the cultured and in vivo DCs as described above, but also some differences. With respect to TLR and IRF expression, these differences appear to be largely quantitative rather than qualitative with similar patterns of differences between the cultured DC subsets emerging. Further study on the function of human DC subsets using this system could be achieved and the success of targeting antigens to DCs via cell surface molecules could be safely and routinely tested in vitro. 
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